From the second half of the 18th century, the First Deep Transition initially emerged as a response and a partial solution to pressing challenges of the pre-modern era, such as poverty and lack of energy resources (Lintsen et al., 2018) . However, as it unfolded over the 19th and 20th centuries it gradually generated a new set of problems. From the 1960s-1970s onward, the impact of the double challenge started to be gradually felt, expressed in increasing concerns about the environmental effects of new technologies (Carson, 1962) , feasibility of sustaining continuous growth (Meadows et al., 1972) , suitability of Western capital-intensive technologies to developing countries (Schumacher, 1973; Kaplinsky, 2011) , or increasing inequality within and between countries (Acemoglu and Robinson, 2012; Stiglitz, 2012; Piketty, 2014) . These concerns prompted a search for radical alternatives to existing socio-technical systems in various niches. These began to emerge around the notion of appropriate technology, wind and solar energy, organic food, and micro-finance, for example. The underlying assumption of the Deep Transitions framework is that through gradual accumulation and coordination, niches may contribute to a fundamental overhaul of existing socio-technical systems, introduce a new set of sustainable and just directionalities (Swilling and Annecke, 2012) , and thereby give rise to the Second Deep Transition. Whether this will eventually happen, however, is contingent on present and future decisions.
Explaining the long-term evolution of socio-technical systems as a genesis, consolidation and crisis of the First Deep Transition requires a new conceptual framework, synthesizing insights from various literatures. By drawing on the Multi-level Perspective on socio-technical transitions (Rip and Kemp, 1998; Geels, 2005; Grin et al., 2010) and the Techno-economic Paradigm framework (Perez, 1983; Freeman and Louçã, 2001) , we filled in the first part of the puzzle (Schot and Kanger, 2018) by developing an evolutionary institutionalist model that connects transitions in single systems to the dynamics of five successive long waves, or Great Surges of Development (Perez, 2002) . In particular we argued that the paradigmatic principles of each surge (such as mass production at the beginning of the 20th century) are often pioneered in isolated niches and single systems (e.g. mobility system), and that their diffusion to other systems (e.g. food, housing) takes decades, corresponding to the 40-60 year cycle of surges.
However, this conceptualization remained partial insofar as its analytical focus was primarily on major historical discontinuities in systems change, i.e. transitions and surges. It largely neglected another crucial feature of the First Deep Transition: the existence of major between-surge continuities that constitute the fundamental structure of industrial societies (e.g. their reliance on fossil fuels), contribute to long-term trends (e.g. increasing mechanization), lead to persistent problems (e.g. rebound effects), and thereby fundamentally shape the evolution of socio-technical systems in the very long term (100 years and more). Continuities such as these have been discussed in literature on industrialization and modernization (e.g. Mokyr, 1990; Giddens, 1991; Misa et al., 2003; Stearns, 2013) . Hence the focal task of this paper: to connect this literature to the evolutionary dynamics of socio-technical systems, thereby arriving at a more comprehensive Deep Transitions framework capable of conceptualizing both major discontinuities and continuities of systems change over the past 200-250 years.
We begin in Section 2 with an outline of the foundations of the Deep Transitions framework to highlight its distinctive features compared to existing approaches. Section 3 synthesizes insights from the literature on industrialization and modernization, and introduces the concept of industrial modernity as a macro-level selection environment, emerging from, and gradually expanding through, the dynamics of socio-technical systems. Building on this conceptualization, Sections 4-7 theorize the long-term evolutionary dynamics of Deep Transitions. The final Section discusses the policy implications of the Deep Transitions framework and provides broader reflections on the role of history in shaping the governance of large-scale transitions.
In order to achieve our goal we have chosen the strategy of appreciative theorizing in which "a theory is a tool of inquiry, and in skilful applied research that tool is used flexibly, bent to fit the problem, and complemented by any other tools that happen to be available and that appear to be useful" (Nelson and Winter, 1982: 46) . The end goal of this strategy is to arrive at a "disposable theory" (Castells, 2000b: 6) . In other words, the following will not be an article about articles: we will not be conducting a comprehensive, comparative and critical review of a large volume of literature only to end up discarding most of it. Instead we will be drawing directly (and admittedly, quite eclectically) on the insights of a wide variety of sources that we deem useful for constructing our framework. What matters to us at this point is not whether the resulting theory is complete -it is not -but whether it is useful in provoking new ways of thinking and opening up new directions of research on sustainability transitions.
Deep Transitions framework: the story so far 1
The Deep Transitions framework is a story about the unfolding of industrial modernization, told from the perspective of sociotechnical systems change. In many ways it is similar to existing sociological accounts (e.g. Giddens, 1991; Beck, 1992) in that it foresees the possibility for a major rupture in the fabric of modern societies -the Second Deep Transition -but it stops short at proclaiming the emergence of a totally new societal formation such as a post-industrial (Bell, 1973) or network society (Castells, 2000 (Castells, -2004 . Modernity transformed but not transcended is how the Deep Transitions framework is positioned in the modernity/postmodernity debate. That being said, the framework also combines specific features that distinguish it from existing analyses of longterm change.
First, the Deep Transitions approach is fundamentally socio-technical, focusing on the co-evolution of actors, technologies and institutions (Geels, 2004: 903) . This stands in contrast to much of the existing macro-historical and macro-sociological literature that either, 1) focuses on "social systems" abstracted from their material context, e.g. Polanyi's Great Transformation narrative (2001 / 1944 as an interaction between the market and the state); 2) subsumes socio-technical dynamics under a more general process, e.g. Giddens (1991) treating industrialism as one of the four basic institutions of modernity, alongside capitalism, surveillance capacities and control of the means of violence); or 3) reduces technological aspects to a function of some social system, e.g. Wallerstein's (1989) analysis that sees the industrial revolution as an epiphenomenon of capitalist world-economy).
Second, a distinction between the genotype and phenotype of socio-technical systems provides an important dimension of depth to the framework. From the Deep Transitions perspective, a socio-technical system with certain characteristics in a certain locality at a certain point in time is seen as an expression (phenotype) of underlying rules and rule-sets (genotype). This argument echoes the distinction between 'system' and 'regime' in the original formulation of MLP (Rip and Kemp, 1998: 340; Geels, 2004) but goes beyond it by recognizing the differing degrees of scope and systemicity of rules. The Deep Transitions framework is based on the four-fold distinction between rules, meta-rules, regimes and meta-regimes, manifested either in single or interconnected systems. A Deep Transition can thus be viewed as a process whereby rules emerge, diffuse and become aligned, thereby providing single systems and interconnected complexes of systems with a specific long-lasting set of directions. Table 1 presents a summary of these concepts, including a formal definition and an empirical example of each. Third, the Deep Transitions framework aims to capture socio-technical dynamics on three scales: single systems, interconnected systems and industrial modernity. In so doing it draws together literatures that so far have remained fairly separate from each other, leading to novel insights about long-term systems change. We have previously combined the Multi-level Perspective (MLP) on sociotechnical transitions (Rip and Kemp, 1998; Geels, 2005; Grin et al., 2010) with the Techno-economic Paradigm (TEP) framework (Freeman and Louçã, 2001; Perez, 2002 ) into an evolutionary multi-level model of surges (Schot and Kanger, 2018) . This model describes how isolated niche practices align into rule-sets that, in surges lasting about 40-60 years, coordinate developments in a broad array of socio-technical systems (the approximate duration of one Great Surge of Development).
More specifically, we proposed that new rules emerge simultaneously in a wide range of niches and first transform single systems. For example, although the principles of interchangeability and moving work to workers were already known in the 18th and 19th centuries (Alder, 1997; Nye, 2013) , it was only at the beginning of the 20th century that Henry Ford brought them (and various other rules) together into a regime of mass production. Interaction between regimes in multiple systems gradually leads to the emergence of rules and rule-sets shared between the systems, i.e. meta-rules and meta-regimes. For example, from the 1920s the principles of mass production were extended to the food system (e.g. tractors, new breeds of tomatoes and chicken amenable to a standardized production process) (Nye, 2013) . Moreover, the revolution in land-based transport also allowed the extension of markets for agricultural products, creating new types of linkages between food and mobility systems (Mazoyer and Roudart, 2006) . Finally, the dominant meta-regime begins to shape its broader macro-environment, called a "socio-technical landscape" (Rip and Kemp, 1998), through two mechanisms: sedimentation and feed-in. Sedimentation refers to the adding of another layer to the landscape, e.g. mass production and a car-based mobility system has created new patterns of urbanization that did not exist before. Feed-in refers to contributing to an already existing macro-trend generated by existing layers, e.g. the role of cars in the increase of greenhouse gas emissions (which had been rising from the beginning of the Industrial Revolution) (see Table 3 for more details).
Despite making the first steps towards conceptualizing the links between system dynamics and their broader environment, the explanatory focus of our model remained mostly restricted to a single surge. There are two reasons for this, both related to the underlying frameworks used for the synthesis. First, both MLP and TEP are focused on discontinuous changes -transitions in single systems and Great Surges of Development. As such neither the frameworks taken separately nor the synthesis were conceptually sensitized to address the possible existence of historical continuities, extending beyond a single transition or surge. Second, both frameworks have a relatively impoverished view of exogenous macro-level factors. Whereas the TEP approach largely ignores this aspect (but see Freeman and Louçã, 2001: 124-130 , for an important exception), in MLP the notion of a socio-technical landscape is The virtuous cycle of expansion of the automobile system and the housing system in USA, starting from the interwar era often reduced to a set of exogenous factors shaping the interaction of niches and regimes, but not being shaped by them in the short and medium term (e.g. the typology of landscape change introduced by Geels and Schot, 2007: 403-404) . To date, however, both MLP and TEP have had relatively little to say on how single and interconnected systems shape the landscape itself. This is a key question for the Deep Transition framework. We suggest that in order to understand the long-term dynamics of Deep Transitions, we must first further endogenize the socio-technical landscape. This task is undertaken in the next section.
Industrial modernity and its main features
In mainstream sociological literature, society is commonly divided into the realms of economy, politics and culture. Depending on the analytical emphasis, the story of modernization can then be told as the economic narrative about the spread of capitalism, a political narrative of global democratization, or a cultural narrative on the emergence of post-traditional and increasingly secular societies. Implicit in all these narratives is the idea of the relative interdependence of societal subsystems: despite the fact that economy, politics and culture interact, each subsystem also operates according to its specific internal logic.
3 From the evolutionary perspective, economy, politics and culture can be viewed as macro-level selection environments, each selecting for particular units or traits (e.g. modes of production and specific business models in economy, modes of participation and specific voting procedures in politics, modes of representation and specific artistic works in culture). In MLP, the distinction between societal subsystems was mobilized somewhat differently as the framework was originally developed to explain socio-technical system shifts. Here the notion of a socio-technical regime as an aligned rule-set was conceptualized as the partial intersection of regimes from different "societal" domains, i.e. technological, science, policy, user and market, and sociocultural regimes (see Fig. 1 ). In other words, the partial alignment between different regimes was seen to constitute a new hybrid socio-technical regime, shaping the structure and driving the directionality of a socio-technical system. A similar idea was also implicit in the TEP literature that, however, focused on meta-regimes guiding multiple systems: for example, after World War II many socio-technical systems in Western industrialized countries (e.g. mobility, food, energy) were driven by the same combination of mass production, economies of scale, and a social contract between the state, entrepreneurs and labour in the context of relatively closed national markets (Perez, 2002) .
In this section we would like to extend this logic one step further by focusing on the continuities in industrial societies that extend beyond specific systems and single surges. Our hypothesis is that throughout the 200-250 year process of industrialization, sociotechnical systems have generated their own macro-level selection environment, one that is directly related to the evolution of single systems and complexes of systems. We call this selection environment the industrial modernity.
Industrial modernity is defined by a number of components covering multiple surges and having such a wide scope that they have come to characterize almost any socio-technical system in any industrial society. Its genotype consists of a number of fundamental assumptions and rules about industrial societies that manifest themselves as particular structural features, long-term trends and persistent problems. These rules can be thought of as the crystallized wisdom of industrial societies accumulated over centuries, a collection of its "best practices". However, this notion should be used with a heavy caveat, because, in this context, "best" does not mean "good" or "objectively true" but rather "very durable" and "fit for purpose". For example, Latour (1993) argues that it was the symbolic (but objectively speaking mistaken) separation between Nature and Society that allowed modernity to emerge as it enabled unprecedented societal experimentation without automatically assuming that this would upset the natural balance.
We propose that the notion of industrial modernity addresses a gap between different literatures. On one hand, in socio-technical systems literature exogenous factors are either virtually neglected (TEP) or undertheorized -in MLP the notion of landscape simply lumps together very different macro-structures and macro-trends. On the other hand, macro-historical and macro-sociological literature too often focuses on the "social" (i.e. economic, political, cultural) dimensions of modernity, overlooking or downplaying the importance of technologies, socio-technical systems and infrastructures (but with notable exceptions: see Brey, 2003 , for a critical review of the role of technology in modernity theory). By invoking the notion of industrial modernity, we thus partially endogenize the notion of landscape. We suggest that industrial modernity constitutes a selection environment with particular characteristics and internal dynamics that is relatively independent from other societal realms: in other words, similarly to the "economic", "political" or "cultural" history of modernization there is also a "socio-technical" one. This assumption is empirically supported by work in the socio-metabolism literature where studies of various countries (e.g. Fischer-Kowalski and Haberl, 2007; Krausmann et al., 2016; Haberl et al., 2017) have shown that, despite widely differing economic and political conditions (e.g. planned vs. market economy, totalitarian vs. democratic regime, initiators vs. latecomers), over time industrialized countries tend to converge towards fairly similar materials and energy usage profiles. We would interpret this as an indicator that these countries share participation in the same socio-technical macro-level selection environment of industrial modernity.
As the concept of industrial modernity has not been used systematically in prior literature, it is not possible to draw on a single authoritative source to outline its basic features. Instead we have reconstructed these characteristics on the basis of a diverse body of literature on industrialization and modernization, including Science, Technology and Innovation Studies (Collingridge, 1980; Perrow, 1984; Latour, 1993; Unruh, 2000; Grübler, 2003; Arthur, 2009) , history (of technology) (Adas, 1990; Mokyr, 1990 Mokyr, , 2017 Misa et al., 2003; McNeill and McNeill, 2003; Nye, 2006; Stearns, 2013; McClellan and Dorn, 2015) , sociology (Harvey, 1990; Giddens, 1991; Beck, 1992; Castells, 2000 Castells, -2004 Sanderson, 2005) , and various socio-ecological approaches (Fischer-Kowalski and Haberl, 2007; Lamba, 2010; Moore, 2015; Haberl et al., 2017) . Although they differ considerably in terms of their empirical focuses and ontological assumptions, all of them reveal some broad and long-lasting features of industrial societies. We use the Deep Transitions perspective as discussed above to organize this variety of insights. Hence we treat industrial modernity as an intersection of five subsystems: 1) resources, science and technology; 2) economics, business and industry; 3) policy, regulation and governance; 4) user practices, consumption and everyday life; 5) culture. Furthermore, we distinguish between the genotype and phenotype of industrial modernity, i.e. between its foundational beliefs and driving rules and its empirically observable features (long-term trends and persistent problems, both of which are often created by the interaction of many rules). Table 2 provides an overview of the results of our preliminary literature survey.
Four disclaimers should be made. First, this list should only be considered a rough approximation, not a full account, which remains to be fleshed out in future work. Second, all these features should be considered ideal types: that is, the table focuses on the overall trends but downplays the internal variation (i.e. the belief in technological progress is likely to be spatially unevenly distributed and fluctuate over time). Third, we hasten to remind that industrial modernity should not be seen as an ahistorical structure with fixed characteristics: instead it is a dynamic and changing macro-selection environment that co-evolves with niches, regimes and meta-regimes.
Fourth, and most importantly, it should be kept in mind that the notion of industrial modernity only partially endogenizes the notion of a socio-technical landscape. That is, similarly to regimes and meta-regimes, it should be seen as a partial intersection of societal sub-systems, only including rules, trends and problems related to the application of science and technology. 4 In our account, the various socio-technical systems of industrial societies are the genesis of industrial modernity. In the Deep Transition framework, we analyse their impact much like Hughes did in his "American Genesis" (Hughes, 1989) . He showed how the United States became imbued with a drive for order, system, control and technological enthusiasm, and how this was paralleled with the development of what he calls Large Technical Systems. The United States became a technological nation. Similarly, we would like to argue that the First Deep Transition created a technological world and culture in which certain underlying assumptions and rules, embedded in a wide range of socio-technical systems, became the modern industrial way of organizing the production, distribution and consumption of goods and services, satisfying societal needs. We contend that the First Deep Transition has been pervasive and changed our entire landscape as we know it. But in so doing it has interacted, and continues to interact, with major trends in other macro-level selection environments; these include the increasing reach of capitalism, the development of international institutional frameworks, or the hybridization of global culture all of which are relatively independent from the operation of industrial modernity. For example, although the interaction of industrialization and capitalism has historically accelerated technological innovation, the Deep Transitions theory is not about theorizing the emergence and evolution of capitalism itself: this explanatory job has been performed by other frameworks such as world-systems or worldecological approaches (Sanderson, 2005; Moore, 2015) . In contrast to the sociological traditions of macro-level (e.g. Bell, 1973; Castells, 2000 Castells, -2004 or grand theory (Parsons, 1951; Giddens, 1984; Luhmann, 1995) , we do not aim to theorize society as a whole, grasping the totality of interactions between socio-technical, economic, political and cultural realms, but limit our research lens mainly to the parallel evolution of single socio-technical systems, interconnected systems and industrial modernity. 4 Admittedly this leads to similar operationalization problems as encountered in MLP with its central concept of "regime" (see Holtz et al., 2008; Fuenfschilling and Truffer, 2014) . As such the quantification of rules and meta-rules is one of the explicit methodological ambitions of the Deep Transitions project (see Schot and Kanger, 2018: 1057) .
Deep Transition as a very long term path dependency
We are now in a position to extend the Deep Transition framework with four propositions on the macro-dynamics of Deep Transitions. We begin with the proposition that industrial modernity is built up through successive Great Surges of Development. This results in the addition of new layers to the socio-technical landscape as well as the modification of existing ones. For example, the new Information and Communication Technology infrastructure, built during the 5th surge, remains dependent on the underlying energy grid, created during the 3rd surge. Therefore, the addition of a new communications layer simultaneously reinforces the already existing one of energy provision. However, the opportunities offered by ICT also enable the transformation of the energy infrastructure to a certain extent, e.g. through the creation of a smart grid. This means that over the period of 200-250 years, the features of industrial modernity have not only gradually become strengthened and deepened but also broadened in particular ways. The idea of the long-term, gradual and cumulative evolution of industrial modernity implies that only some of its features were already installed during the 1st surge whereas many have been added later. For example, an absolute increase in resource and materials usage has indeed been a characteristic feature of industrialization from its very beginning in the second half of the 18th century (Haberl et al., 2017) . On the other hand, there was not much direct and systematic interaction between science and technology during the first two surges: it was only in 1874 that the Friedrich Bayer Company established the first industrial research laboratory (McClellan and Dorn, 2015: 344-348) . From the 3rd surge, however, the application of theoretical knowledge to practical ends became increasingly characteristic of industrial modernity, with a somewhat paradoxical result of later observers starting to hail it as one of the defining features of "post-industrial", "information", "knowledge" or "network" societies (Bell, 1973; Castells, 2000 Castells, -2004 ; see also Webster, 2015: 34-36, 60-65, 134-135 , for an historically-informed critical elaboration of this point).
We suggest that the overall directionality of the First Deep Transition was loosely established with the 1 s surge. Subsequently, each time a mature surge started to exhaust itself and competing alternatives (re)appeared, the choice was increasingly biased towards certain features of industrial modernity. As each new surge added weight to the existing trajectory, it also made the outcomes of this large transformation less and less reversible, thus creating a very long term path dependency (or set of shared directions) as reflected in the durable socio-technical patterns of industrial societies. In effect, through successive surges industrial modernity became an increasingly powerful selection environment. Fig. 2 visualizes this proposition. The idea of the existence of a very long term path-dependency, related to the consolidation of industrial modernity, has particular implications on our understanding of socio-technical systems change. It suggests that when existing meta-regimes mature, enter a The alignment of many formerly independent rules (e.g. electrification, work process optimization, sub-division of tasks) into the regime of mass production in Ford's Highland Park factory between 1913-1915 3 During frenzy (2 nd phase of GSoD), many rules increasingly start to cross the boundaries of a single system and partially align to each other, leading to the formation of alternative, possibly competing rule-sets Attempts of varying success to apply mass production, as practiced in the automobile industry, in agriculture, food processing, consumer durables and housing in the 1920s as specialty production gradually starts to wane 4
Two mechanisms for achieving more coordination across the boundaries of a single system are structural and functional couplings
Beginning from the interwar era, the mechanization of transport enlarges the markets for agricultural products (functional coupling between mobility and food systems); both systems benefit from a shared infrastructure of paved roads (structural coupling) 5
Additional mechanisms, further facilitating and accelerating the creation of between-system links, are the aggregation and intermediation work of inter-and transnational organizations
League of Nations, International Labor Organization, Marshall Plan, Productivity Mission and Fulbright Program as channels of influence by which mass production diffused to Europe 6
Competition between meta-rules is finally resolved at the turning point of a GSoD, tipping the scales decisively in favour of one meta-regime that becomes dominant WWII requirements increasing the need for standardized production of machines and goods (e.g. tanks, airplanes, food) in the Transatlantic region (e.g. USA, Germany, France, UK) 7
During synergy (3 rd phase of GSoD) the dominant meta-regime selects niches compatible with its logic, diffuses to various systems and starts to shape the landscape Post-war era: product standardization in agriculture (e.g. new breeds) to enable a better applicability of mass production techniques, take-up of some principles of mass production in the housing system, and emerging environmental impacts of mass production/consumption 8 During maturity (4 th phase of GSoD) the dominant meta-regime loses its grip and the cycle re-starts with other niches, systems and rules becoming central to the new surge. The formerly dominant meta-regime shapes the new surge as part of the landscape through feed-in and sedimentation mechanisms
Oil shocks of 1973 and 1979 signal the crisis of traditional mass production; emphasis shifts to new information and telecommunications technologies as the new hotspot of innovative activities. However, many new ICTs and their components are mass produced 9 Industrial modernity as a macro-level selection environment is built up through successive Great Surges of Development, creating a very long term path dependency in the evolution of socio-technical systems
The success of mass production contributes to beliefs about continuous societal progress, technology-fuelled economic growth, and consumer expectations of the availability of increasing variety of goods at lower prices 10
Over the very long term, the First Deep Transition has created a dominant set of directionalities that gradually intensifies the double challenge
The ongoing contribution of mass production to environmental degradation through the creation of waste, pollution and resource depletion, and the development of capital-intensive products and services for the wealthy 11
The aggregate outcome of the evolution of Deep Transitions is the formation of a portfolio of directionality Mass production has become a fundamental part of industrial societies yet it has been, and continues to be, challenged by both internal and external alternatives (e.g. automated factories, specialty production, appropriate technology movement) 12
The double challenge stimulates the emergence of the Second Deep Transition
The current problems of mass production might contribute to reshaping the broader context in a manner that would eventually come to support the emergence of sustainable mass production (e.g. design for durability, circular economy, sharing economy, lowering of accessibility thresholds) in a range of socio-technical systems crisis and are challenged by alternative solutions, the resulting controversies are likely to be resolved in a manner that would sustain the basic characteristics of these meta-regimes. The historical evolution of mass production provides a good example. Having enjoyed its heyday during the long boom after World War II, the oil shocks of 1973 and 1979 signalled a crisis of traditional mass production, based on special-purpose machines, semi-skilled workers, standardized goods and mass markets. A number of alternative strategies, ranging from conservative to radical, were employed to address this problem: the former included the offshoring of manufacturing activities to minimize labour costs or supplanting mass production with some principles borrowed from the craft tradition (e.g. Volvo stopping the assembly line and experimenting with team assembly) (Nye, 2013) . At the other end of the spectrum was the vision of a computer-enhanced fully-automated factory, something that had been envisaged since the 1950s although constantly failing to realize (ibid.), and the envisioned future dominance of "post-Fordism", based on craft production, skilled workers, customized goods and niche markets (Piore and Sabel, 1984; Hirst and Zeitlin, 1991) . This process was interpreted as the re-emergence of an historical alternative to mass production, dating back to at least the 19th century (Sabel and Zeitlin, 1985) . Located between these two poles of incremental innovation and total transformation was "lean production", a configuration of production principles (such as just-in-time supply, close buyer-supplier relationships, continuous improvement) pioneered in Toyota (Holweg, 2007; Nye, 2013) . Its gradual adoption by many Japanese, European and American enterprises between the 1970s-1990s raised the productivity of labour and the quality of products while alleviating some major problems of the traditional version of mass production (e.g. the buffering of stocks, relative inflexibility). In terms of labour process, however, the basic characteristics of traditional mass production such as the work study, assembly lines, mass marketing, etc., were retained. Therefore, the adoption of the Japanese model has been argued to represent "an evolution within Fordism rather than a transformation of it" (Wood, 1993: 535) . This argument can be extended to contemporary developments: for example, it is not difficult to see the currently fashionable Industry 4.0 concept and the envisioned rise of "cyber-physical systems" (Federal Government of Germany, 2014) , or the expectations of the rise of "mass customization" (Fogliatto et al., 2012) as mass production with enhanced capacity for flexibility, L. Kanger, J. Schot Environmental Innovation and Societal Transitions xxx (xxxx) xxx-xxx individualization and customization. While improving the efficiency of production processes, this development on its own is likely to achieve very little in altering the dominant directionality of mass production, initiated during the 4th surge, towards increased resource consumption and resultant environmental impacts. Hence the recent developments can easily strengthen rather than reverse the long-term path-dependency first established a century ago with the emergence of a mass production/consumption society.
Deep Transitions and the double challenge
The First Deep Transition emerged as a response to the pressing issues of the pre-modern era. In many ways it was highly successful leading -over the long term, on average and in some areas -to massive increases in wealth and welfare, including a decrease in absolute poverty, high GDP, an increase in life expectancy, a decrease in infant mortality, access to high-quality food, clean water, cheap energy, mobility and communication services, sustained technological dynamism, social safety net, etc., etc. However, despite the sustained enthusiastic expectations of the contemporaries, the environmental and social problems were never eradicated but rather postponed or transferred as solutions to specific problems in certain locations, and at certain times tended to recreate the problems elsewhere and later on (e.g. the externalization of environmental costs to developing countries eventually affecting the developed countries through the degradation of global ecosystems). Therefore, we propose that, over the long term, the First Deep Transition -defined as the co-evolution of single systems, interconnected systems and industrial modernity -has created a shared set of similar directionalities that has tended to intensify, with stops and starts, the double challenge. That is to say, throughout the First Deep Transition, various socio-technical systems have partially contributed to environmental degradation and to the creation, transfer or amplification of social inequalities.
5 Note that the focal inequalities are not based on income or wealth distribution but related to differential access to socio-technical systems, differential gains from the system, and an uneven distribution of risks. The combination of two propositions -the notion of a very long term path dependency and the contribution of socio-technical systems to the double challenge -would enable to explain why, historically, many niches have begun from promising to solve certain problems only to end up reinforcing them. For example, the car was initially perceived as a response to environmental issues in cities (Flink, 1990) and as a means of overcoming the rural isolation of farmers (Ling, 1992) . But as the car-based mobility systems came to dominate in the USA, Europe and its various colonies, they started to contribute substantially to pollution and climate change instead. At present, road transport contributes to about 20% of the EU's total CO 2 emissions, being the only major sector where greenhouse gas emissions are still rising (European Commission, 2017) . Moreover, these systems are characterized by new types of socio-spatial inequality (Ohnmacht et al., 2009; Geels et al., 2012; Sheller, 2015) , e.g. the privatization of expenses related to car maintenance and services having a substantial impact on low-income households, or the non-proportional distribution of health-related risks for nonusers of the car in the USA (Lutz, 2014) .
Similarly, Information and Communication Technologies continue to be praised for their efficiency-enhancing capacities and deliberative potential. However, recent studies show that these technologies are associated with increased energy (Aebischer and Hilty, 2014; van Heddeghem et al., 2014) and materials consumption with no evidence for dematerialization (Magee and Devezas, 2017) . ICTs have also been shown to intensify existing social inequalities, e.g. between 2010-2015 the ICT Development Index increased by 0.92 points for developed and 0.89 points for developing countries, but only 0.56 points for the Least Developed Countries (ITU, 2015: 56) . Moreover, there is evidence that the returns from ICT usage are higher for privileged social groups than for lower social status users, even in countries where access to these technologies is virtually universal (Wei and Hindman, 2011; van Deursen and van Dijk, 2014; van Deursen and Helsper, 2015) . In terms of our framework we would interpret these developments as indications that, over time, the potential alternative directions of development offered by new niches have been captured by the dominant evolutionary logic of the First Deep Transition after which their further development becomes aligned to it. 
Deep Transition as a portfolio of directionality
The previous two sections have addressed major continuities related to the evolution and structuring impact of industrial modernity. However, we should keep in mind that Deep Transitions are not only about continuities but also about discontinuities, involving transitions in single systems and great surges of development. Therefore, a Deep Transition should be more accurately seen as a co-evolution of niches, regimes, meta-regimes and industrial modernity that includes both dominant directions of development as well as a multiplicity of alternatives.
5 Echoing the disclaimer made at the end of Section 3, we again want to emphasize the claim about the limited role of socio-technical systems in contributing to the double challenge: while our framework addresses the relationship between socio-technical systems and the double challenge, we do not suggest that the former are the only cause of the latter. The Deep Transitions framework is not a theory of everything: through the introduction of the notion of industrial modernity, it partially endogenizes the socio-technical landscape, however, it also considers many macrotrends exogenous, that is, relatively independent from the dynamics of socio-technical systems and explained better by reference to other theories. A good example comes from Piketty (2014) who argues that unfettered capitalism naturally gravitates towards increasing inequality. Here inequality is explained mainly through the impact of (capitalist) economy as a macro-level selection environment. 6 This interpretation goes beyond re-stating the well-known findings from the literature that technologies have unintended consequences (Kranzberg, 1986; Tenner, 1997; Sveiby et al., 2012) or that the radical potential of technologies tends to be "suppressed" by the social context (Winston, 1998) . What our framework adds to these observations is that, in the context of the First Deep Transition, these consequences are likely to play out in a particular direction.
We therefore propose that the aggregate outcome of the evolution of Deep Transitions is the formation of a portfolio of directionality, defined as the collection of all possible directions of development offered by existing niches, regimes, meta-regimes and industrial modernity at a given moment of time. Over the course of a Deep Transition the portfolio undergoes change in terms of both content and size:
1 Major continuities refer to the long-term reproduction of some core meta-rules driving system evolution and innovation towards particular directions. That is, to some extent the portfolio is characterized by between-surge directionality, a dominant trajectory of Deep Transitions, as discussed above (see Table 2 ). 2 Great Surges of Development, in turn, can be thought of as temporary (40-60 years) alignments in the directionality of multiple socio-technical systems. Although the surges are somewhat discontinuous in relation to each other on the broader scale, they can be seen as variations on the theme of industrial modernity as some of the directionality of each surge is shared. 3 Niches and single systems can be seen as ever-present sources of variety for alternative solutions and trajectories of development:
over time a niche can turn into a regime, a regime into meta-regime; conversely, a once dominant meta-regime can revert to a regime or even a niche. Niches can remain dormant for a long time, representing alternative paths not taken but also ones that may yet be taken in the future. Experimentation in niches also feeds the endless introduction of novelty: qualitatively new technological, organizational and institutional innovations, potentially opening up new directions of development. Throughout the course of a Deep Transition, the size of the portfolio of directionality therefore keeps increasing. The simultaneous attention to continuities, discontinuities and alternatives provides a more comprehensive view of socio-technical systems change, allowing for a richer and more nuanced analysis. In the case of mass production, attention to niches reminds us that mass production never dominated all systems, even in the USA as the paradigmatic country of the fourth surge (Jessop, 1992) . The alternatives to (traditional) mass production (Scranton, 1997; Sabel and Zeitlin, 1997; Tolliday, 1998) thrived in particular locations and industries, enabling them to be scaled up when needed (e.g. lean production in the 1970s). The focus on major discontinuities reminds us that (for a particular time and for particular countries) the linkage between the certain technological, economic, political, user-related and cultural rules seems to be "natural", although with the next surge these connections can be unmade. For example, during the 4 th surge, mass production seemed to be almost inevitably linked to high wages since the enterprises were mainly operating within specific national boundaries where the producers and consumers of products largely overlapped. However, from the 1970s the neoliberal economic policies allowed Western manufacturers to globalize their activities. This meant that the producers of a certain product were no longer necessarily its consumers, and therefore the link between mass production and high wages was broken (Nye, 2013) . Finally, attention to continuities enables us to understand the cumulative sociotechnical evolution. For example, in many ways the current surge, focused on ICTs, is still underpinned by the familiar practices of mass production (think of the production of microprocessors, hard drives, computers or mobile phones). The history of mass production is therefore also a history about the evolution of a portfolio of directionality.
The Second Deep Transition?
However, despite the existence of variety and the occurrence of periods of discontinuous change, we have suggested that the overall directionality of Deep Transitions has contributed to the double challenge. The history of past 200-250 years seems to indicate that the problems of the First Deep Transition cannot be definitively fixed within the framework conditions created by this very transition. This leads us to the final, and perhaps most speculative proposition: that the double challenge stimulates attempts to deal with the problems of the First Deep Transition, with the Second Deep Transition being one of the possible outcomes.
If this major transformation is indeed already underway, we should not only be expecting to detect new niches, regimes or metaregimes, but also a rupture in industrial modernity. Whether this is already happening is an empirical matter in need of further investigation. However, during the past 50 years some significant signs of a deeper change can be detected. Examples of these include various alternative food, mobility and energy practices fundamentally challenging the operating principles of socio-technical systems of industrial modernity, the emergence of environmental social movements and their institutionalization in mainstream politics, or the globalization of the climate change agenda, including the recent Paris climate agreement on limiting global warming. The adoption of the UN Sustainable Development goals, which aim for a new type of development model that would leave no one behind, is another hopeful sign. Should these separate developments manage to gain dominance and become interlinked, the Second Deep Transition may get a new push, and this would create a fundamentally different macro-level selection environment for the future evolution of socio-technical systems: a different type of industrial modernity.
At this point our non-teleological and non-determinist credentials are worth stressing: the future is yet to be forged. Yet this does not equate to saying that each and every future avenue is equally likely to occur, since the possibilities for actors to exert their agency are considerably constrained by the socio-material outcomes of the First Deep Transition. While it is quite clear that the "business as usual" strategy of optimizing the existing socio-technical systems and externalizing the social and ecological costs cannot lead to a sustainable future, there is, in principle, nothing to stop the Second Deep Transition from failing, biophysical limits to growth from being reached, and large-scale societal collapse from occurring. The Second Deep Transition remains one possible outcome amongst many; moreover, it can be realized through multiple pathways. To illustrate these possibilities we will sketch two possible scenarios called Breakthrough and Transformation.
The Breakthrough scenario implies a continuous expansion of the portfolio of directionality aimed at high-income consumers through mass production methods; these are capital-and skill-intensive, aim to reap economies of scale through large-volume production and rely on sophisticated knowledge systems and infrastructure. Actors respond to ecological challenges by introducing radical greener production and consumption patterns through the implementation of capital-intensive solutions (e.g. centralized energy production with big wind and solar farms, the expanded use of nuclear energy, various forms of geo-engineering and further Fig. 3 . Evolution of a portfolio of directionality.
L. Kanger, J. Schot Environmental Innovation and Societal Transitions xxx (xxxx) xxx-xxx development of the global value chain for waste products), and technologies that aim to mitigate ex-post the impacts of carbonintensive development (e.g. carbon capture and storage). In this future, actors focus on the economic growth agenda, whereas distributional consequences of social and ecological costs, while recognized as important, ultimately remain of secondary importance. The Breakthrough path contains the danger that it will undermine the social, political and ecological conditions on which it is built, strongly raising the likelihood of economic stagnation for a large part of the population, increased social inequality, resourcerelated conflicts, recurrent natural disasters and forced migration. Hence in this scenario, powerful political forces would need to be put in place to prevent and mitigate disasters, conflicts and wars, compensate for social excesses, and underwrite the legitimacy of the system. Given the high ecological and social costs to absorb, this pathway would imply the construction of a new relationship between the state, the market, and civil society, and most likely new forms of pro-active and entrepreneurial state action at the national and as well as city level, strong relationships between the state and business, and new technocratic supranational structures ensuring global coordination, which have proved difficult to achieve in response to recent social and economic challenges.
The Transformation pathway would address the double challenge of looming ecological crisis and deepening social inequality in a different way. In this scenario there will probably be less reliance on the state (at various levels) to redistribute ex-post the benefits of economic growth and manage the costs: instead distribution issues are dealt with ex-ante. Actors take more collective responsibility early on for the ecological and social impacts they generate. More emphasis might be put on social innovation. It might also imply a radical restructuring of current production and consumption patterns, and a move away from the principles of mechanization, laboursaving, reliance on fossil fuels, mass production and mass consumption, and centralized energy production towards more small-scale technologies and production, forms of collective and shared consumption, and decentralized energy production. If indeed "the greatest invention of the nineteenth century was the invention of the method of invention" (Whitehead, 1925: 98) , then the realization of the Transformation scenario would require yet another re-invention of the way we innovate.
The dynamics outlined in Schot and Kanger (2018) and in this paper can now be drawn together into an overarching Deep Transitions framework, proposing the following causal sequence: interactions between various regimes link up to Great Surges of Development characterized by a dominant meta-regime. Successive meta-regimes come to constitute different layers of the sociotechnical landscape whereby the broad selection environment of industrial modernity is formed. The co-evolution of niches, regimes, meta-regimes and industrial modernity, exhibiting a particular directionality, is called the First Deep Transition. Over time, the unfolding of the First Deep Transition generates the double challenge. As this challenge cannot be met within the conditions created by the First Deep Transition, the double challenge stimulates opportunities for the emergence of the Second Deep Transition that, should it succeed in becoming dominant, would fundamentally shape further multi-regime interaction. Fig. 4 provides a visual summary of the framework, whereas Table 3 presents all its propositions in more detail, together with empirical examples. Fig. 4 . Deep Transitions framework.
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Our framework represents an attempt to capture the long-term evolution of socio-technical systems in a single framework, bringing together literatures on single systems, complexes of systems and industrial modernity. We are well aware of the dangers associated with this approach: some readers may feel that we have offered a structural explanation here that leaves far too little room for agency. They should be reminded that it is clearly human agents who develop niches, defend regimes and thus shape Deep Transitions. We agree with van der Vleuten (2018) , that it is valuable and necessary to bring out the work of specific actors who are crucial for generating multi-regime and niche couplings, as well as de-couplings and shared and divergent directionalities. Yet we also believe in the need to bring out general historical patterns and structures. Our ontological approach can perhaps be characterized as evolutionary institutionalist, in which agency and structure constantly re-shape each other. Long-term change is not at the mercy of voluntaristic agency, nor is it wholly dependent on specific windows of opportunity; it is built up over time and through space through the ongoing interaction structure-agency interaction (Fürstenberg, 2016) . Our analysis is intended to increase understanding about the constraints of, and opportunities for, long-term change processes. Since both agency and structure matter, neither detached fatalism nor boundless optimism will help much for thinking about policy options. We need cautious optimism and informed agency, which would allow and encourage engagement with ongoing transitions of individual and multiple systems.
The principles of historical imagination (Schot, 2016) are crucial for this engagement. The first principle is using history to provide an informed diagnosis of contemporary concerns. This is the concern about the long-term sustainability of our world. The Deep Transitions framework locates the unsustainability in the directionality of a complex of socio-technical systems, and hence focuses on the development of this complex. The second principle is that we need to see history as a set of scenarios with pathdependencies and hidden alternatives, which can be seen as roads not taken in the past, yet they may still become a seedbed for alternative developments in the future. Both path-dependencies and hidden alternatives are part of what we have called the portfolio of directionality. The third principle is that history shows us that radical change is possible, although it needs a specific set of conditions and triggers. It helps to overcome a sense of helplessness, a feeling that our past has put us in an iron cage or a prison, from which it is difficult to escape. The Deep Transition framework helps us to explore the "prison" and to identify opportunities for human agents for creating and nurturing new alternatives.
So what is the specific contribution of the Deep Transition thinking to policy engagements? On one hand, the double challenge is currently operating on an unprecedented scale and intensity. On the other hand, the portfolio of directionality is broader than ever, meaning that industrialized societies have also unprecedented capabilities for addressing global problems. The crucial issue is how to avoid the historically familiar outcome where initial solutions to particular problems only tend to create problems elsewhere or later on, thereby aggravating rather than alleviating the double challenge. Our analysis suggests that the expansion or optimization of existing socio-technical systems will not be even remotely enough. It also implies that neither the stimulation of radical niches to promote transitions in single systems, nor even the emergence of the next surge, will be sufficient. What is needed is to challenge the fundamental features of industrial modernity: we need a new theme, not another variation on the existing one. Only when the broad selection environment of industrial modernity itself is transformed can it stimulate the interaction between niches, regimes and metaregimes in a manner that would alter the eventual directionality of the evolution of a broad range of socio-technical systems, constituting the backbone of industrial societies.
Environmental degradation and social inequality present a challenge to both the global North and South. However, it would be misleading to assume a division of labour where the South supplies all the problems and the North all the solutions. Not only has the North been historically implicated in creating problems in the South (Moore, 2015) , historical evidence also shows that the role of peripheral areas in contributing to innovation, already during the First Deep Transition and in the context of a considerably lower degree of globalization, has traditionally been under-estimated (Arnold, 2005) . The Second Deep Transition should therefore be seen as a global transnational response to the double challenge emerging from and being adapted in various locales. Indeed, the leading role of several Asian countries in the renewables field (Mathews, 2014) , the idea of "just transitions" in the context of developing countries (Swilling and Annecke, 2012; Swilling et al., 2016) , and the emergence of a transformative innovation policy framework (Schot and Steinmueller, 2018) can be seen as manifestations of this trend.
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